The use of metabolomic based techniques to aid oocyte and embryo selection has gained attention in recent years. Previous work from our laboratory has demonstrated that the 1 H NMR-based metabolic profile of follicular fluid correlates with oocyte developmental potential. Patients undergoing IVF at the Merrion Fertility Clinic had follicular fluid collected at the time of oocyte retrieval. The fatty acid composition of follicular fluid from follicles where oocytes fertilised and developed into multi-cell embryos (nZ15) and from oocytes that fertilised normally but failed to cleave (nZ9) (cleaved vs non-cleaved) was compared. Statistical analysis was performed on the data using univariate and multivariate techniques. Analysis of the fatty acid composition revealed that there were nine fatty acids significantly different between follicular fluid from the cleaved and the non-cleaved sample groups.
Introduction
Despite the recent advances in IVF technology, only 32% of completed IVF cycles result in a clinical pregnancy (de Mouzon et al. 2010) . In an attempt to optimise pregnancy rates, multiple embryos may be replaced per treatment cycle, increasing the number of multiple pregnancies, leading to a greater incidence of maternal and neonatal complications. The ability to choose the 'best' embryo for transfer would ultimately allow implantation of a single embryo of superior quality, thereby improving pregnancy rates and reducing the chances of a multiple pregnancy (Haggarty et al. 2006) . At present, developmental rates and morphological assessment are the main methods used to determine embryo viability during IVF cycles, but these are relatively poor indicators of successful implantation , Singh & Sinclair 2007 ).
Oocyte quality or developmental competence is intrinsic to the development of a viable embryo (Mtango et al. 2008) . Common ovarian stimulation procedures used in assisted reproductive technology cycles may suppress the natural selection procedure and allow seemingly successful maturation of oocytes. However, these may have inherent compromised quality and may be destined to fertilisation failure, compromised embryo development or long-term consequences in vivo (Swain & Pool 2008) . Therefore, it has been proposed that only a fraction of the oocytes retrieved in an IVF cycle have the potential to develop into a viable embryo destined for a live birth (Kovalevsky & Patrizio 2005) . Despite the importance of oocyte quality, current assessment of oocytes in the routine IVF laboratory is limited, and following fertilisation, the developmental potential of the embryo is estimated predominantly on the cell stage and morphology of the embryo, rather than the quality of the oocyte it was derived from Rienzi et al. (2011) . Development of accurate parameters from non-invasive markers that predict oocyte developmental competence would increase the accuracy of embryo selection and could lead to oocyte selection methods that would aid in overcoming the ethical, legal and storage implications of current supernumerary frozen embryos (Kovalevsky & Patrizio 2005) .
Investigation of follicular fluid composition as a possible predictor of both oocyte developmental competence and embryo viability has increased in recent years (Wu et al. 2007 , Berker et al. 2009 , Revelli et al. 2009 , Piñ ero-Sagredo et al. 2010 , Wallace et al. 2012 . Follicular fluid contains important metabolites that can be critical for oocyte growth and development and provides important information about the growth and differentiation of the follicle (Edwards 1974) .
Metabolomics is the systematic study of metabolites as small-molecule biomarkers that represent the functional phenotype in a cell, tissue or organism. It has proven to be a useful technology for analysis of metabolism of several biological systems and has been used in the study of human embryos , Nagy et al. 2008 , Scott et al. 2008 , Vergouw et al. 2008 and oocytes (Singh & Sinclair 2007 , Nagy et al. 2009 ) via analysis of culture media. Nuclear magnetic resonance (NMR) spectroscopy has been previously used in order to profile metabolites extensively in follicular fluid (Piñ ero-Sagredo et al. 2010) . Work from our laboratory has demonstrated that the 1 H NMR-based metabolic profile of follicular fluid correlates with oocyte developmental potential, with a number of metabolites (e.g. glucose, lactate, choline, phosphocholine, proline, leucine/isoleucine, glutamine and HDL) identified as being important indicators of whether a fertilised oocyte will divide and develop into an early cleavage stage embryo or fail to cleave (Wallace et al. 2012) .
Although a number of studies have looked at the free fatty acid and triglyceride composition of follicular fluid (Robker et al. 2009 , Jungheim et al. 2011b , Yang et al. 2012 , to the best of our knowledge, a gas chromatography/mass spectroscopy (GC/MS)-based approach to identify fatty acid markers of oocyte quality in human follicular fluid has not been carried out. A major advantage of this technique is the associated high sensitivity; therefore, it may detect metabolites that are present in a concentration below the detection limit of other techniques such as 1 H NMR spectroscopy (Bedair & Sumner 2008 , Lei et al. 2011 . Therefore, the objective of this study was to use a GC/MS metabolomic approach to profile the composition of follicular fluid from follicles where oocytes fertilised and developed into early cleavage stage embryos (nZ15) and from oocytes that fertilised normally but failed to cleave (nZ9). A secondary aim was to apply multivariate statistical analysis to the data in an attempt to identify potential markers of oocyte developmental competence.
Materials and methods

Sample collection
Ethical approval for this study was obtained from the Human Research Ethics Committee, University College Dublin and the Research Ethics Committee of the National Maternity Hospital (Dublin). As part of a larger study, 58 patients undergoing IVF treatment at the Merrion Fertility Clinic (Dublin), were recruited and provided written informed consent (Wallace et al. 2012) . Patients either received a standard GNRH agonist (Buserelin) regime starting on day 21 of a spontaneous menstrual cycle or a standard antagonist regime (Ganirelix). Recombinant FSH stimulation was initiated once downregulation was confirmed via ultrasound and serum oestradiol (E 2 ) measurements or on day 2 or 3 for antagonist cycles. Further stimulation doses were determined according to standard criterion for follicular maturation, assessed by ultrasound and serum E 2 measurements. Choriogonadotropin alfa (6500 IU) was administered when at least three follicles had reached a diameter of R18 mm.
Oocytes were collected by transvaginal ultrasound-guided needle aspiration of the follicles under deep conscious sedation. At the time of oocyte retrieval, the follicular fluid from one to three follicles between the sizes of 14 and 24 mm were collected per patient. To avoid the collection of bloodcontaminated follicular fluid samples, a midstream aspirate was collected for each patient and checked for blood contamination both visually and via spectrophotometric analysis (Levay et al. 1997) . In cases where two samples were collected, the needle was rinsed between aspirates. Samples were then centrifuged at 10 000 g for 10 min and the supernatant was aliquoted and stored at K80 8C until further analysis. Oocytes collected from the follicles where fluid was retained were individually cultured in order to track their outcome. On the day after oocyte retrieval and insemination (day 1), each oocyte was examined for evidence of fertilisation. Those that were found to have two pronuclei were transferred to 30 ml micro-drops of Quinns advantage cleavage medium (SAGE BioPharma, Inc., Bedminster, NJ, USA) and overlaid with paraffin oil for culture until embryo transfer on day 2.
A total of 108 follicular fluid samples were collected and based on the developmental competence of the oocyte (Wallace et al. 2012) , a subset of these samples was selected for analysis in this study: this subset included the 2-cell embryo group where there was sufficient follicular fluid for further analysis and the non-cleaving fertilised group. Hence, follicular fluid from follicles where the oocyte fertilised and developed into an early cleavage stage embryo (nZ15) as observed on day 2 and from follicles where the oocyte fertilised but failed to cleave (nZ9) was analysed. These two classes of samples are further referred to as cleaved and non-cleaved respectively. Follicular fluid samples from 19 patients were used in this study and the characteristics of the study population are given in Table 1 .
Metabolite extraction and data analysis
Follicular fluid samples were thawed on ice prior to analysis. Organic compounds were analysed as follows: 300 ml follicular 390 A O'Gorman and others fluid were combined with 50 ml heptadecanoic acid (C17:0; 2 mg/ml methanol) as an internal standard and extracted using a 1:2 mixture of chloroform:methanol based on the method of Bligh & Dyer (1959) . Extracts were derivatised by methylation using methanolic BF 3 . Derivatives were re-suspended in 200 ml hexane and analysed by GC/MS.
The GC/MS system comprised an Agilent 7890A GC coupled with a 5975C ion-trap MS running in electron impact (EI)Cmode. Chromatography was performed on an Agilent HP-5ms CP-sil 8 CB low bleed/MS capillary column (length 30 m, diameter 0.25 mm and film thickness 0.25 ml) using helium at 1.2 ml/min. Samples (1 ml) were injected into a programmed temperature ramp in splitless mode. The GC temperature was initially 70 8C for 2 min, increased to 190 8C at 15 8C/min for 1 min, then increased to 230 8C at 5 8C/min for 5 min and finally raised to 320 8C at 20 8C/min for 5 min. The GC/MS interface temperature was 220 8C. MS acquisition conditions were EI ionisation of 70 eV, solvent delay of 1 min, source temperature of 230 8C and mass range of 45-650 amu (atomic mass unit) at 2 scans/s.
Calibration was achieved by comparison of peak areas for fatty acids with reference to a known standard (Supelco 37 compound mix, Supelco, Poole, UK) using Agilent Chemstation (MSD E.02.00.493) and by comparison of their mass spectra with those in the NIST library 2.0. Automatic peak detection was carried out with Agilent Chemstation MSD. Mass spectra deconvolution was performed with the Automated Mass Spectral Deconvolution and Identification System (AMDIS, version 2.65). Peaks with a signal-to-noise ratio (S/N) lower than 30 were rejected, which is an acceptable level to avoid false positives as reported by Norli et al. (2010) . To obtain accurate peak areas for internal standard and specific peaks/compounds, one quant mass for each peak was specified as the target ion and three masses were selected as qualifier ions. Each data file was then manually analysed for false positives/negatives in Agilent Chemstation. A matrix table with the concentration of each selected metabolite in each of the samples was produced complete with sample information and used for multivariate statistical analysis. Concentrations given for fatty acids are expressed as percentagesGS.D.
Statistical analyses
Processed data were subjected to univariate and multivariate statistical analyses using the statistical package R (version 2.14.1). The analysis of the GC/MS data involved the following steps: i) A preliminary observation of the data using principal component analysis (PCA) to identify separation between the datasets and outliers as appropriate. Prior to PCA analysis, the data were scaled with a unit variance scaling. ii) Modelling the data using random forests (RF) was performed to a) discriminate between cleaved and noncleaved samples and b) to identify important fatty acids that could be used as markers to predict oocyte developmental potential, i.e. cleaved/non-cleaved. The number of trees fitted was 750, and the number of random metabolites tried at each node of the tree was set at 20 after optimisation. RF models are usually made up of hundreds of decision trees, with each tree constructed from a bootstrap of the original data set. Generally, two thirds of the samples will be included in a bootstrap sample and one third will be left out (called out-of-bag samples or OOB samples). For more detailed information, please see references proposed by Breiman (Breiman 2001 ). iii) Univariate statistics (ANOVA) were used to assess the ability of the identified fatty acids (as identified by the RF model), which may be used as predictors of oocyte developmental potential. Significance was assumed when P!0.05. iv) Partial least squares discriminant analysis (PLS-DA) was performed using the Caret (classification and regression) package in R. The data set was randomly split into a training and test set, with 60% of the data used to train the model and the remainder (40%) to evaluate the model performance, i.e. the test set, with a y matrix set up to provide information on class. Performance of the classification models was evaluated on the basis of percentage correct classification rates. v) Receiver operating characteristic (ROC) analysis was performed using the digeR package (Fan et al. 2009 ) in R. The classification performance (sensitivity and specificity) of the samples was assessed by the area under the curve (AUC).
Results
Composition of follicular fluid
A total of 21 fatty acids were identified and quantified in the follicular fluid ( Table 2 ). The most abundant fatty acids found in follicular fluid from cleaved samples were palmitic acid, arachidonic acid, linoleic acid, stearic acid and oleic acid. In the follicular fluid from noncleaved samples, the same five fatty acids were the most abundant, although their order was different: palmitic acid, oleic acid, linoleic acid, arachidonic and stearic acid. From the 21 identified fatty acids, nine were statistically different between the two groups (Table 2 ). In addition, the total percentage of saturated fatty acids (SFA) in the follicular fluid was significantly higher in the non-cleaved samples, while the total percentage of polyunsaturated fatty acids (PUFAs) was lower in this group compared with the cleaved group (Table 2) . PCA revealed good separation between the two classes (cleaved and non-cleaved). The score plot PC1 vs PC2 is depicted in Fig. 1 ; these first two principal components accounted for 25 and 19% respectively of the total variance.
Prediction of oocyte developmental competence
RF modelling was applied with the aim of discriminating between cleaved and non-cleaved samples and to identify specific fatty acids that could potentially be used as markers for predicting oocyte developmental competence. This resulted in a good classification model with an out-of-bag error rate of 8%, i.e. 92% of samples were correctly classified. The top five most important variables for predicting oocyte developmental competence as indicated by the model were lignoceric acid, palmitic acid and arachidic acid, which were significantly increased in the non-cleaved group, and docosahexaenoic acid (DHA) and stearic acid, which were significantly increased in the cleaved group (Fig. 2) . A PLS-DA model was also employed in an attempt to discriminate between the two sample groups. The model performed with good predictability, with 82% of samples correctly classified in the test set.
ROC analysis was performed and the AUC was used as an estimate of the predictive accuracy of the panel of biomarkers. Using the top five important metabolites as indicated by the RF model (Fig. 2) , an AUC of 0.96 was obtained (Fig. 3) . This favourable AUC value reveals that these fatty acids have a high predictive ability for oocyte developmental competence. This result corroborates with the previous models that were built (RF and PLS-DA), which all performed well in predicting oocyte developmental competence with low error rates.
Discussion
The most dominant fatty acids present in the human follicular fluid were palmitic acid, oleic acid, linoleic acid, arachidonic acid and stearic acid. Overall, the fatty acid composition of follicular fluid obtained from oocytes that developed into early cleavage stage embryos was significantly different from follicular fluid where the oocyte fertilised but failed to cleave (cleaved vs non-cleaved). Of the five most dominant metabolites, three were significantly different between the follicular fluid from the cleaved and the non-cleaved groups (palmitic acid, arachidonic acid and stearic acid). From the 21 fatty acids identified, seven were SFA, with five significantly different between the follicular fluid from Values are expressed as percentages (%)GS.D. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; EPA, eicosapentaenoic acid; ETE, eicosatrienoic acid; DHA, docosahexaenoic acid; DGLA, dihomo-g-linolenic acid. a n-3 PUFAZS(C18:3n3CC20:5n3CC22:6n3). b n-6 PUFAZS(C18:3n6CC18:2n6CC20:4n6CC20:3n6).
PC1 (25%)
PC2 ( the cleaved and the non-cleaved groups. Additionally, the total percentage of SFA in the follicular fluid was elevated in the non-cleaved group compared with follicular fluid from the cleaved group. Previous studies investigating the lipid composition of follicular fluid have found that increased levels of total free fatty acids and triglycerides are associated with negative effects on different reproductive outcomes (Robker et al. 2009 , Aardema et al. 2011 , Jungheim et al. 2011b , Yang et al. 2012 . Recently, it has been demonstrated that exposure of mouse cumulus-oocyte complexes (COC) exposed to human follicular fluid with a high triglyceride and free fatty acid content during their maturation resulted in an increased oocyte lipid content, induction of endoplasmic reticulum stress markers and impaired oocyte nuclear maturation (Yang et al. 2012) . Jungheim et al. (2011b) investigated the associations between free fatty acids, COC morphology and ovarian function during IVF and reported that elevated follicular free fatty acid levels are associated with poor COC morphology. These studies corroborate with the present findings and indicate that the lipid composition of follicular fluid has a direct effect on oocyte quality. This study advances our current knowledge by identifying specific fatty acids that are related to oocyte quality. Palmitic acid is the most abundant fatty acid in human follicular fluid (Jungheim et al. 2011a) and was found to be significantly increased in the follicular fluid where the oocytes fertilised but failed to cleave. Excess palmitic acid has been shown to induce apoptosis in human and bovine granulosa cells and impairs their ability for steroidogenesis, which is a critical function for granulosa cells in supporting ovarian follicular development and oocyte maturation (Mu et al. 2001 , Vanholder et al. 2006 .
Moreover, studies have shown that maturation of oocytes in medium supplemented with elevated levels of the SFA palmitic acid or stearic acid impairs post-fertilisation development (Leroy et al. 2005 , Aardema et al. 2011 , Van Hoeck et al. 2011 . In contrast to the negative effects reported in other studies (Matorras et al. 1998 , Kim et al. 2001 , stearic acid was found to be significantly increased in the follicular fluid from the cleaved group. Stearic acid can be converted to the monounsaturated oleic acid, with good-quality oocytes reported to contain more of this fatty acid (Haggarty et al. 2006 , McKeegan & Sturmey 2011 . Recent results have indicated how important the pattern of fatty acids is and the fact that they act in concert: Van Hoeck et al. (2011) demonstrated that exposing bovine ooctyes to physiologically relevant elevated levels of palmitic acid, oleic acid and stearic acid caused significant dysregulation that was not present when the fatty acids were supplemented singly. A total of eight PUFAs were identified and quantified by GC/MS analysis, with three significantly different between the follicular fluid from the cleaved and the non-cleaved groups. The significant PUFAs were arachidonic acid, its precursors dihomo-g-linolenic acid and DHA, which were found to be increased in the follicular fluid from the cleaved group. In general, the PUFAs support a number of key developmental processes in the embryo such as synthesis of eicosanoids, regulation of endocytosis/exocytosis, ion-channel modulation, DNA polymerase inhibition and gene expression (McKeegan & Sturmey 2011) . Arachidonic acid is the major precursor for prostaglandins and also protects human granulosa cells from palmitic acid-and stearic acidinduced apoptosis (Mu et al. 2001) . A number of animal studies investigating the effects of PUFA supplementation in the diet increased oocyte quality (Sorbera et al. 2001 , Zeron et al. 2002 . However, a study investigating the effect of maternal supplementation with a high diet of EPA and DHA found that exposure of murine oocytes to a high n-3 PUFA environment during IVF adversely affected zygote morphology and delayed embryo development (Wakefield et al. 2008) . Of interest in our study is the significant increase in the contribution of n-3 PUFAs and the alterations in the n-6:n-3 PUFA ratio. A recent review paper on the role of fatty acids in oocyte and early embryo development concluded that different reproductive organs and cells have different proportions of the major saturated, unsaturated and PUFAs and that the maintenance of these ratios is critical for proper development (McKeegan & Sturmey 2011) . Various studies in animal models have demonstrated the potential beneficial effects of these PUFAs (Marei et al. 2010 , McKeegan & Sturmey 2011 ; however, the experimental evidence in humans to date is lacking. A secondary aim of this study was to apply multivariate statistical analysis to the data in an attempt to identify important fatty acids that could be used as markers to predict oocyte developmental competence (i.e. cleaved/ non-cleaved). The multivariate statistical methods employed resulted in robust models that yielded very good predictive ability. The important metabolites as indicated by the RF model were lignoceric acid, DHA, palmitic acid, stearic acid and arachidic acid. A previous study by Scott et al. (2008) using Raman-based metabolomic profiling of spent culture media developed a viability score that has a diagnostic accuracy of 80.5% for predicting delivery or failed implantation. Our study resulted with a favourable AUC of 0.96 using the top five important metabolites as indicated by the RF model, highlighting that these fatty acids have a high predictive ability for oocyte developmental competence. An advantage of using GC/MS compared with Raman spectroscopy is the identification of specific metabolites. This study advances our current knowledge by identifying specific fatty acids that are related to oocyte quality. Our previous work revealed a decrease in levels of lactate and choline/phosphocholine and an increase in levels of glucose and HDL in follicular fluid where the fertilised oocyte failed to cleave (Wallace et al. 2012) . In comparison, the models produced in this study indicate that the fatty acid composition of follicular fluid may be more predictive of oocyte developmental competence compared with other biomarkers.
In conclusion, this is the first study to profile extensively the fatty acid composition of human follicular fluid. The fatty acid profiles were significantly different between the follicular fluid from follicles where oocytes fertilised and developed into early cleavage stage embryos and oocytes that fertilised normally but failed to cleave. In addition, RF models identified specific fatty acids that may have the potential to be used as a panel of biomarkers for oocyte quality in the future. Although these results are promising, some limitations in the study exist such as the small sample size. Future studies in larger cohorts are required in order to validate the current findings. Further studies to compare the fatty acid composition of follicular fluid from oocytes where the resultant embryo implanted and resulted in a live birth or failed to implant are also required in order to assess whether the fatty acids identified could predict embryo viability as well as oocyte developmental competence. In addition, due to the increasing evidence of the importance of follicular fluid metabolite composition on oocyte developmental competence, it is necessary to understand the main influencing factors and how its composition may be modulated to improve oocyte quality.
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